the distance between strained regions is smaller or only slightly larger than the value of ξ within the GB plane, the superconducting order parameter is depressed at the GB and, hence, the super-current flow is impeded. Additionally, bending of the electronic bands at GBs deplete the charge carrier density 3 , which seriously decreases the superconducting transition temperature T c . Hence, to achieve large J c for cuprates, the crystallites should not only be aligned out-of-plane because J c is anisotropic but also be aligned in-plane within the misorientation angle θ GB , where the distance between strained regions is larger than ξ ab (ξ ab : in-plane coherence length) is satisfied. On the other hand, for LTS and MgB 2 with large coherence length (e.g. 5∼6 nm) and s-wave symmetry (for MgB 2 anisotropic swave), GBs are able to pin vortices in the mixed state, and especially also GBs with rather large angles. Therefore, increasing the GB densities by reducing the grain size usually leads to improved in-field J c properties.
Understanding the nature of grain boundary (GB) characteristics in combination with creating low-energy GBs by modifying the processing conditions, so-called GB engineering, is of great importance for controlling and reducing the defect density, leading to improved functionalities of polycrystalline metals and ceramics. For superconductors particularly, including both low-and high-temperature superconductors, GB engineering has been developed to improve especially the critical current densities, J c , across these GBs. The intrinsic physical properties of a given superconductor such as the coherence length, the order parameter symmetry, and their anisotropies would determine the strategy of GB engineering. In this topical review, we present an overview of the GB characteristics and GB engineering of Fe-based superconductors (FBS) in the form of polycrystalline bulks and wires, and thin films with application potential, e.g. for high-field magnet wires. Prior to the FBS, GB engineering of the cuprates and MgB 2 are also briefly covered. 
I. INTRODUCTION
Boundaries between adjacent crystallites of typically differing orientation and/or composition are called grain boundaries, where the atomic arrangement is in disorder. A grain boundary (GB) with a high interfacial energy (i.e. usually two adjacent grains having a large misorientation angle) is often the origin of macroscopic defects such as cracks and erosion damage, and these defects propagate along the GBs. On the other hand, GBs with a low interfacial energy [e.g. low-angle GBs and coincidence boundaries like twin boundaries] are hardly the origin of macroscopic defects. In low-angle GBs, dense dislocation arrays are formed with a spacing D given by Frank s formula:
where b = | b| is the norm of the Burgers vector (for symmetric [001]-tilt GBs in bicrystal films of e.g. cuprates and pnictides as discussed in this review, | b| is the in-plane lattice parameter) and θ GB is the misorientation angle between the two adjacent grains.
For both low-and high-temperature superconductors (LTS and HTS), GBs affect their properties: For instance, macroscopic defects (cracks) impede the supercurrent flow. In this case, GBs are detrimental defects to the critical current density J c and, hence, should be avoided.
For cuprates, not only macroscopic but also microscopic defects are problematic due to the short coherence length ξ (less than 2 nm for ab-plane) 1 and the anisotropic superconducting order parameter (d-wave) 2 . If the strained regions around the dislocations within the GB touch each other, the low-angle GB turns into a high-angle GB. This angle is around 10 • ∼ 15 • . However, in cuprates a wider region around the centre of the dislocation is perturbed electronically and the inter-grain J c starts to decrease exponentially already for θ GB < 10 • . Also when
In the following sections, we present an overview of the GB characteristics and GB engineering of the FBS in the form of polycrystalline bulks and wires as well as thin films with application potential, e.g. for high-field magnet wires and compact bulks. In section II, GB engineering of cuprates will be briefly summarised on the basis of the GB characteristics. Section III will describe how GBs affect the superconducting properties of MgB 2 . These sections II and III are relevant for understanding GB issues of FBS. Section IV will present the experimental reports on the misorientation angle dependence of the inter-grain J c for various FBS films grown on symmetric [001]-tilt bicrystal substrates. In section V, GB engineering of FBS will be presented in the forms of both thin films and polycrystalline samples. The former part will describe how small misorientation angles affect the transport J c of various FBS films deposited on technical substrates used for the second-generation coated conductors. The latter will present how to improve the superconducting properties of polycrystalline bulk and wire samples. Finally, we will discuss which kind of experiments are desired for better understanding the GB characteristics and summarise the review.
II. GRAIN BOUNDARY ENGINEERING OF CUPRATES
Thanks to T c values higher than the boiling point of liquid nitrogen, the discovery of cuprates gave a significant excitement on our community. However, some material scientists were pessimistic about cuprates, since polycrystalline REBa 2 Cu 3 O 7 (RE: rare earth elements, REBCO) was able to carry only ∼100 A/cm 2 even at 4.2 K 9 , which is far below the level needed for applications.
A fundamental problem is that GBs with misorientation angle greater than 3 • (this angle is called the critical angle, θ c ) constitute weak links. dependence of inter-grain J c (J GB c ) is empirically described by
where J G c is the intra-grain critical current density and θ 0 is the characteristic angle 10 . The data were well described by the equation above with θ c =4 • and θ 0 =2.4 • . sample had a density of 6.2 g/cm 3 , which is 98% of the theoretical density of YBCO.
The self-field J c of this melt-processed YBCO was almost doubled compared to sintered samples, however, J c was decreased sharply by small magnetic fields of a few hundred gauss since high-angle GBs were not removed completely.
To eliminate high-angle GBs or at least minimise their density in REBCO bulk superconductors, the top-seeded-melt-growth process has been developed to grow quasi-single crystals 28 , which means that they contain secondary phase particles within the superconducting matrix and, therefore, are not true single crystals.
REBCO bulks can trap large magnetic flux densities, and this ability is deter- Another distinct feature is that J GB c /J G c is larger than 1 at θ GB =6 • . A plausible reason for this phenomenon is GB pinning. This may explain the improvement of J c for Co-and P-doped BaFe 2 As 2 deposited on technical substrates 93,94 , which is discussed later.
Lowering the deposition temperature for the NdOF overlayer certainly improved the GB properties of NdFeAs(O,F). However, both inter-and intra-grain J c in selffield was of the order of 10 5 A/cm 2 92 , which is one order of magnitude lower than as high as 1 MA/cm 2 at 4 K for θ GB =24 • for a BaFe 2 (As 1−x P x ) 2 film on an MgO bicrystal grown by molecular beam epitaxy 101 , which is due to the higher T c and hence higher J G c than for Co-doped BaFe 2 As 2 . Despite the low number of data points, θ c of BaFe 2 (As 1−x P x ) 2 is most likely also larger than for the cuprates. The 
C. Fe(Se,Te)
A self-field inter-grain J c of around 10 4 A/cm 2 at low temperatures for Fe(Se,Te) of a 45 • GB 104 , only 10 times lower than the intra-grain J c (instead of 10 4 as for the cuprates) suggested a J c decrease with θ GB not as strong as for the cuprates. ( fig. 6) . The crystalline quality of the film on the 4 • substrate was better than that of the film on MgO with ∆φ MgO =8 • , and its T c,0 of 23 K was 4 K higher than for the 8 • substrate. Nevertheless, the film on the 8 • substrate showed a larger c-axis peak and 1.5 times higher J c values than the 4 • template, which is due to the larger density of especially vertical defects related to the GB networks. Since it has a higher J c and therefore also irreversibility line, the 4 • sample surpasses the 8 • sample at a temperature-dependent crossover field. However, the 8 • sample still shows the stronger c-axis peak. One of these samples on 8 • template was further investigated in high fields 118 . The field-dependent pinning force densities, A first 10 cm long BaFe 2 (As 1−x P x ) 2 tape was fabricated by pulsed laser deposition with a reel-to-reel system at a tape travelling speed of 6 mm/min 121 , and its T c,0 was reduced ∼17 K, which is slightly low compared to the static samples (T c,0 ∼20 K). I c was 0.47 mA/cm-width at 4.2 K, corresponding to J c =47 kA/cm 2 . In order to improve the grain connectivity, 5wt% Sn was added. After packing the powder into Ag tubes, drawing, flat rolling and hot pressing at 850 • C under 30 MPa, Sr-122 tapes with 0.4 mm in thickness were obtained. J c of the Sr-122 tape was over 10 5 A/cm 2 in 10 T at 4.2 K, and still remained at 8.4×10 4 A/cm 2 up to 14 T. The high J c in the Sr-122 tapes may be attributed to the combination of improved grain connectivity, grain texture, and inherently strong pinning. The c-axis orientation factor for the tape was 0.52, suggesting grain texturing after pressing. . 7) . Interestingly, a relationship between inverse grain size and magnetization J c was confirmed, as shown in fig. 8 , which also supports that a small grain size would be preferable for randomly oriented polycrystalline Ba-122 samples.
Another key issue to address is chemical composition at grain boundaries. Kim FeAs(O,F) showed the same critical angle θ c of around 9 • , which is larger than for cuprates. The dominant factor for governing θ c may be the symmetry of the order parameter. The reduction of current-carrying cross-section of GB regions by strain effects also controls the θ c as discussed by Gurevich and Pashitskii. 13 , since the sensitivity of superconductivity by strain is different for FBS and cuprates.
Additionally, the local off-stoichiometry near GBs affects the size of the normal core regions 13 . Although θ c is different for FBS and cuprates, both superconductors showed an exponential decay of inter-grain J c with nearly the same slope for medium angles. However, for θ GB > 24 • the inter-grain J c for Co-doped Ba-122
and Fe(Se,Te) is almost constant, whereas such behaviour is absent for cuprates.
Unlike YBCO, the microscopic understanding of GBs is still limited. To understand the GB characteristics, therefore, detailed microstructural analyses should be carried out to map out the local strain around the GBs. To rule out local off-stoichiometry, bicrystal experiments using stoichiometric superconductors (e.g.
LiFeAs and FeSe or even CaKFe 4 As 4 ) would be interesting for further studies.
Another distinct feature is that the product of the grain-boundary normal state resistance R n and the grain boundary area A for FBS is one or two orders of magnitude lower than that for cuprates due to the metallic nature of GBs ( fig. 9 ).
Here, R n corresponds to the slope of V -I in the non-ohmic linear differential region and A is the cross sectional area of the microbridge for transport measurements. Clean GBs without wetting phase may not become obstacles for inter-grain super-currents irrespective of the mis-orientation angle, which is similar to MgB 2 .
Even a high GB density acts as pinning centre ensemble.
From the above, grain boundary properties of FBS may be also located in between MgB 2 and cuprates. Nevertheless, fundamental understanding of GB properties leads to further improvement of the current carrying capability of FBS by GB engineering.
FIG. 9. Comparative θ GB dependence of resistance area product R n A at low temperature for YBCO at 4.2 K 20 , NdFeAs(O,F) at 4.2 K 92 , Ba(Fe 1−x Co x ) 2 As 2 (Co-doped Ba-122 at 4 K 98 ), BaFe 2 (As 1−x P x ) 2 (P-doped Ba-122 at 2 K 101 ), and Fe(Se,Te) at 4.2 K 104,105 .
